Moreland JG, Hook JS, Bailey G, Ulland T, Nauseef WM. Francisella tularensis directly interacts with the endothelium and recruits neutrophils with a blunted inflammatory phenotype. Am J Physiol Lung Cell Mol Physiol 296: L1076 -L1084, 2009. First published April 3, 2009 doi:10.1152/ajplung.90332.2008.-Francisella tularensis, the causative agent of tularemia, is a highly virulent organism, especially when exposure occurs by inhalation. Recent data suggest that Francisella interacts directly with alveolar epithelial cells. Although F. tularensis causes septicemia and can live extracellularly in a murine infection model, there is little information about the role of the vascular endothelium in the host response. We hypothesized that F. tularensis would interact with pulmonary endothelial cells as a prerequisite to the clinically observed recruitment of neutrophils to the lung. Using an in vitro Transwell model system, we studied interactions between F. tularensis live vaccine strain (Ft LVS) and a pulmonary microvascular endothelial cell (PMVEC) monolayer. Organisms invaded the endothelium and were visualized within individual endothelial cells by confocal microscopy. Although these bacteria-endothelial cell interactions did not elicit production of the proinflammatory chemokines, polymorphonuclear leukocytes (PMN) were stimulated to transmigrate across the endothelium in response to Ft LVS. Moreover, transendothelial migration altered the phenotype of recruited PMN; i.e., the capacity of these PMN to activate NADPH oxidase and release elastase in response to subsequent stimulation was reduced compared with PMN that traversed PMVEC in response to Streptococcus pneumoniae. The blunting of PMN responsiveness required PMN transendothelial migration but did not require PMN uptake of Ft LVS, was not dependent on the presence of serumderived factors, and was not reproduced by Ft LVS-conditioned medium. We speculate that the capacity of Ft LVS-stimulated PMVEC to support transendothelial migration of PMN without triggering release of IL-8 and monocyte chemotactic protein-1 and to suppress the responsiveness of transmigrated PMN to subsequent stimulation could contribute to the dramatic virulence during inhalational challenge with Francisella.
ITS DRAMATIC VIRULENCE and its potential for use as a biological weapon have increased recent interest in defining host responses to Francisella tularensis, a gram-negative bacterium that causes tularemia. Two major subspecies of Francisella are pathogenic for humans, including the most virulent strains F. tularensis subspecies tularensis (type A) and F. tularensis subspecies holarctica (type B), from which the attenuated live vaccine strain (Ft LVS) was derived. Because of the wide spectrum of disease that can be caused by individual strains of F. tularensis, it is likely that local host responses specific to the site or route of challenge contribute significantly to the clinical disease (for review see Ref. 19) .
F. tularensis has been characterized as a facultative intracellular pathogen, and its survival and replication within macrophages have been identified as critical factors contributing to its virulence. Interactions of F. tularensis with host phagocytic cells have been intensively investigated, but more recent evidence suggests that this organism interacts directly with nonprofessional phagocytes, including cells of the airway epithelium (11, 16) . Ft LVS invades and replicates in epithelial cells, eliciting an NF-B-mediated inflammatory response. These investigations are particularly relevant to the study of an organism known to cause severe respiratory disease, with pneumonic tularemia initiated by as few as 10 organisms (5, 27) . Moreover, recent work demonstrates that Ft LVS survives extracellularly in the bloodstream of experimentally infected mice (4, 10) after intranasal and intradermal inoculation, suggesting that invasion of airway epithelium, interaction with the pulmonary endothelium, and translocation into the vascular space occur in vivo.
On the basis of these findings, investigation of interactions between F. tularensis and the endothelium is necessary for achieving a better understanding of disease pathogenesis. Although few studies have focused attention on the role of the endothelium in tularemia, published data suggest that F. tularensis elicits a diminished proinflammatory response from human umbilical vein endothelial cells compared with other gram-negative organisms (9) . In our studies of the interactions between Ft LVS and human microvascular endothelial cells of pulmonary and dermal origin, we found that Ft LVS invaded endothelial monolayers and concomitantly promoted transmigration of polymorphonuclear leukocytes (PMN), although less vigorously than did formylated peptide or pathogenic pneumococci. Despite mediating PMN transmigration, endothelium invaded by Ft LVS did not release detectable amounts of the chemoattractants IL-8 and monocyte chemotactic protein-1 (MCP-1). Furthermore, PMN that traversed the Ft LVS-stimulated endothelial monolayers were less responsive, with respect to NADPH oxidase activation and granule release, than were PMN that had transmigrated in response to other agonists. Thus the Ft LVS interacted with pulmonary microvascular endothelial cells (PMVEC) in a fashion that promoted PMN transmigration without eliciting proinflammatory cytokine release and resulted in a blunted inflammatory phenotype in the PMN that were stimulated to transmigrate. Taken together, changes in local host defenses may reflect the action(s) of bacterial virulence factors that contribute(s) to the remarkable infectivity of inhaled Francisella.
MATERIALS AND METHODS

Materials.
Endothelial cells and all tissue culture media were purchased from Clonetics (San Diego, CA), Transwell filters (12 mm, 3 m pore) from Costar (Cambridge, MA), tryptic soy broth/agar and cysteine heart agar from Becton Dickinson (Sparks, MD), and defibrinated sheep blood from Colorado Serum (Denver, CO). Antibodies used for confocal microscopy studies include anti-platelet endothelial cell adhesion molecule (PECAM)-1 (clone hec 2.7; a generous gift from Dr. William Muller, Department of Pathology, Feinberg School of Medicine, Northwestern University) and rabbit anti-Ft LVS polyclonal antibodies (Becton Dickinson). All other chemicals were purchased from Sigma (St. Louis, MO). LPS was purified from F. tularensis as previously described (22) . LPS-binding protein (LBP) was a generous gift from Dr. Jerrold Weiss (University of Iowa).
Human PMN purification. Human PMN were isolated according to standard techniques from heparin-anticoagulated venous blood from healthy consenting adults in accordance with a protocol approved by the Institutional Review Board for Human Subjects at the University of Iowa. Briefly, PMN were isolated using dextran sedimentation and Hypaque-Ficoll density-gradient separation followed by hypotonic lysis of erythrocytes as previously described (2) . Purified PMN (Ն98% PMN) were resuspended in 0.9% saline before use in migration experiments.
Endothelial cell culture. PMVEC and human dermal microvascular endothelial cells (HMVEC-D) were purchased from Clonetics and cultured on collagen-coated flasks (type VI, human placental collagen, Sigma) using Endothelial Growth Medium-2 (Clonetics) to which bovine brain extract, VEGF, EGF, gentamicin, and hydrocortisone were added according to the manufacturer's specifications. Cells were obtained from Clonetics at passage 4 or 5 and used between passages 5 and 9. When the cells reached ϳ70 -80% confluency, they were passed from T-75 flasks into experimental plates. Cells were detached using trypsin-EDTA and cultured on collagen-coated Transwell (Costar) 12-mm filters for transmigration experiments and confocal microscopy. Cell monolayers on Transwell filters were monitored by measurement of resistance changes across the endothelial cell monolayer using an End Ohm Epithelial Voltohmeter (World Precision Instruments, Sarasota, FL). HMVEC-D monolayers reached an average peak resistance of 33 Ϯ 1.0 ⍀ ⅐ cm 2 , whereas the average resistance across the PMVEC monolayers was 25 Ϯ 0.94 ⍀ ⅐ cm 2 . Medium on the monolayers was changed every 48 h.
Bacterial cell cultures. F. tularensis subspecies holarctica LVS (obtained from Dr. Michael Apicella, University of Iowa) was grown on 9% sheep blood-cysteine heart agar plates at 37°C in 5% CO2 for 36 h and then collected from the plates for use in the experiments. For some invasion assays, bacteria were grown overnight in modified Mueller-Hinton broth to mid-log phase. Bacteria were resuspended in endothelial basal medium (EBM; Clonetics) and quantified by measurement of absorbance at 600 nm. Streptococcus pneumoniae serotype 2 strain D39 (D39; a gift from Dr. Elaine Tuomanen, St. Jude Children's Research Hospital) was stored at Ϫ80°C, and an aliquot was streaked on blood agar plates 16 h before use. Bacteria were added to the lower chambers of the Transwell filters at a known optical density, and samples from 0 and 4 h (just before addition of PMN) were plated for colony-forming unit (CFU) determination of the growth of each bacterium during the initial 4-h bacteria/endothelial cell incubation. In experiments in which bacteria-conditioned medium was used, live bacteria were incubated in EBM as described above. In experiments where bacteria-endothelial cell-conditioned medium was used, live bacteria were incubated with endothelial monolayers. After these incubations, the bacteria-conditioned medium or bacteria-endothelial cell-conditioned medium was centrifuged and filtered to remove bacteria before incubation with PMN.
Bacterial invasion of the endothelial monolayer. Transwell filters with attached PMVEC monolayers were transferred to clean 12-well plates and washed twice with HBSS. After HBSS was removed, EBM (400 l) was added to the upper compartment of the Transwell filter. Ft LVS was added to the lower compartment in a total volume of 1 ml and incubated with the endothelial cells at 37°C. No bacteria were added to the upper chamber of the Transwell filter. At 3 and 6 h after the initial inoculum was added to the lower chamber, medium was removed and the monolayer was washed extensively before incubation with gentamicin (25 g/ml) for 1 h. After gentamicin incubation, the monolayer was washed three times with HBSS to remove residual antibiotic and then lysed with 1% saponin for 5 min. Aliquots of the lysed monolayer were plated for enumeration of CFU. Endothelial monolayers grown to confluence on Transwell inserts were released from the Transwell filter by trypsin and counted for calculation of multiplicity of infection (MOI).
Confocal microscopy. PMVEC were grown on Transwell 12-mm filters to peak resistance. Bacteria suspended at the described concentrations in EBM were added to the lower compartment in a total volume of 1.0 ml. Bacteria and endothelial cells were coincubated for 6 h at 37°C. Then bacterial suspensions were removed, and filters were washed twice with PBS, fixed with 2% paraformaldehyde at room temperature for 20 min, permeabilized with 0.1% Triton for 10 min at room temperature, and blocked overnight with PBS ϩ 0.5% BSA. Primary antibodies [anti-PECAM (1:50 dilution) and anti-Ft LVS (1:10,000 dilution)] were applied to the luminal surface of the endothelial cells on the filter for 1 h at room temperature. After the filters were washed three times with PBS ϩ 0.5% BSA, Texas Redor FITC-conjugated secondary antibody (Molecular Probes, Eugene, OR) was applied (1:1,000 dilution) for 1 h at room temperature. Specificity of staining was assessed by use of isotype control mouse antibodies. Filters were washed and mounted on glass slides. Samples were viewed using a confocal microscope (model LSM-510, Carl Zeiss, Thornwood, NY) with accompanying software.
Analysis of chemokine expression. Supernatants from the upper and lower chambers of bacterial invasion experiments were collected and filtered to remove bacteria before they were stored at Ϫ20°C. IL-8 and MCP-1 levels were assayed in the supernatant by ELISA. Briefly, 50-l samples from the collected supernatant were added to 96-well plates, which were coated with a monoclonal antibody to the protein of interest (R & D Systems, Minneapolis, MN). The samples were probed sequentially with a biotinylated detection antibody and horseradish peroxidase-conjugated streptavidin (Pierce Chemicals) for colorimetric detection using the trimethoxybenzoate substrate (Sigma). Standard curves were made using recombinant protein for each of the proteins of interest, absorbance at 450 nm was measured for experimental samples, and the concentrations were determined by extrapolation from the standard curve. IL-8 expression was determined by coincubation of PMN with specified numbers of Ft LVS for 3 h. Suspensions of PMN and bacteria were centrifuged and filtered, and release of IL-8 was quantitated.
PMN transendothelial migration. Transendothelial migration assays were performed across PMVEC and HMVEC-D monolayers as previously described (20) . Briefly, Transwell filters with attached endothelial cell monolayers were transferred to clean 12-well plates and washed twice with HBSS. After removal of HBSS, EBM (400 l) was added to the Transwell filter compartment. Bacteria or purified LPS (in the presence of 100 ng/ml LBP) were added at the indicated concentrations to the lower compartment in a total volume of 1 ml and incubated with the endothelial cells for 4 h at 37°C. Subsequently, 10-l samples were removed from the lower chamber for quantitation of the bacterial CFU, and 2 ϫ 10 6 PMN in 100 l were added to the upper chamber of the Transwell filter. PMN were allowed to migrate over a 3-h period at 37°C. Migrated cells were collected from the lower chamber and counted manually in a hemocytometer in triplicate. In preliminary experiments, PMN recovered from above and below the endothelial monolayer accounted for ϳ90% of the initial number added (data not shown), indicating that the number of unrecovered tightly adherent PMN was not significant. Therefore, PMN were routinely counted from the lower chamber only.
Measurement of NADPH oxidase activity by lucigenin-enhanced chemiluminescence. NADPH oxidase activity was assayed by lucigenin-enhanced chemiluminescence in a 96-well plate using the Lumistar Galaxy (BMG Technologies) or the Fluostar Omega (BMG Technologies). Briefly, PMN were collected after transendothelial migration in response to Ft LVS or D39. In parallel, PMN were maintained in the transendothelial migration buffer at 37°C for 3 h to control for potential cell activation unrelated to the migration process. A PMN suspension (200 l) containing 2.5 ϫ 10 6 PMN/ml in HBSS with 1% human serum albumin and 0.1% dextrose was added to each well, with a final lucigenin concentration of 100 M. Cells were stimulated by addition of serum-opsonized zymosan (OpZ) at a 5:1 OpZ-to-PMN ratio or PMA at a final concentration of 10 ng/ml. Zymosan particles were opsonized with 100% autologous serum for 30 min at 37°C and centrifuged before use. Chemiluminescence was quantitated as relative luminescence units per minute using a kinetic assay, with readings obtained every minute for 1 h. In addition, aliquots of PMN that had transmigrated in response to Ft LVS were analyzed by microscopy to determine whether bacterial uptake had occurred.
Analysis of phagocytosis by flow cytometry. Phagocytosis of opsonized particles by PMN after transendothelial migration in response to Ft LVS or D39 compared with control PMN (as described above) was quantitated by flow cytometry. Fluorescein-labeled zymosan (Molecular Probes) was opsonized with 100% serum for 30 min at 37°C, centrifuged, and washed. Transmigrated PMN were collected, counted, and suspended with OpZ for 30 min at an OpZ-to-PMN ratio of 1:1 or 5:1 at 37°C. After incubation, cells were washed twice to remove free particles and analyzed using the FACScalibur with gating by FITC intensity.
Elastase secretion. Elastase secretion was measured in control PMN and in PMN after transendothelial migration elicited by F. tularensis or D39. Elastase activity was measured fluorometrically using aminomethyl coumarin as substrate (29) . PMN were stimulated with 1 M formyl-Met-Leu-Phe (fMLF) or 10 ng/ml PMA in triplicate. In addition, PMN from each experimental group were exposed to dihydrocytochalasin B (DHCB), a microfilament-disrupting agent (2.5 g/ml), for 5 min before stimulation with fMLF to serve as a measurement of maximum elastase release from the primary granules. Fluorescence was quantitated using excitation at 342 nm and emission at 435 nm, with readings every 60 s for 1 h using the Spectramax Gemini fluorometer (Molecular Devices, Sunnyvale, CA) or the Fluostar Omega. Change in fluorescence over 60 min was calculated for each sample.
Statistical analysis. Differences between two experimental groups with paired or unpaired comparisons composed of normally distributed data were analyzed for statistical significance by t-test. Differences among paired curves composed of multiple points were analyzed by 2-way ANOVA.
RESULTS
Invasion of Ft LVS into intact endothelial cell monolayers.
Previous reports suggest that F. tularensis elicits a diminished proinflammatory response from human umbilical vein endothelial cells compared with that triggered by other gramnegative organisms (9) . To investigate the nature of the interaction between Ft LVS and the microvascular endothelium, we studied interactions of live organisms with an intact endothelial monolayer. Live Ft LVS were added at 5-500 MOI to the lower chamber of the Transwell apparatus and incubated for 3 or 6 h. At 3 and 6 h, lysis of the endothelial monolayer, after extensive washing of the monolayer followed by gentamicin treatment, demonstrated live organisms within the endothelium. Prompted by these data suggesting that Ft LVS invaded intact endothelial monolayers, we used confocal microscopy to determine whether bacteria were present within individual endothelial cells. Ft LVS was added at the abluminal surface of the PMVEC monolayer at 5 or 500 MOI and coincubated with the monolayer for 6 h. Although electrical resistance across the monolayer was unchanged (data not shown) and endothelial junctions were intact, as judged by PECAM staining (Fig. 1 ), bacteria were detected within a subset of endothelial cells. When the inoculum was increased 100-fold, the number of intracellular bacteria rose dramatically and the bacteria outlined the nucleus (Fig. 1B) . Even at high inoculum, a significant number of cells did not appear to contain intracellular bacteria. The intracellular localization of the bacteria was confirmed using z-plane sectioning by confocal microscopy in monolayers stained for Ft LVS and PECAM.
Chemokine production in response to F. tularensis-endothelial cell-PMN interactions. To determine whether the presence of Ft LVS within individual endothelial cells activated the monolayer, we assessed secretion of the chemokine IL-8 in response to Ft LVS as an indicator of the endothelial inflammatory response to bacteria, as we previously demonstrated in response to other pulmonary pathogens (20) . Bacteria were added to the abluminal chamber at 1 ϫ 10 6 -5 ϫ 10 7 CPU (corresponding to 5-250 MOI) and coincubated with the endothelium for 6 h. In transmigration experiments, medium was collected after 7 h of bacteria-endothelial cell interactions, with PMN present during the final 3 h of this coincubation. In the absence of PMN, IL-8 secretion did not increase above baseline levels in response to any of the concentrations of bacteria tested in the luminal or abluminal compartment of the monolayer (data not shown). In addition, F. tularensis LVS did not stimulate MCP-1 secretion by the endothelium. In PMN transmigration experiments, levels of IL-8 measured in the luminal chamber were similar to those from unstimulated monolayers and monolayers stimulated with Ft LVS at Յ1 ϫ 10 7 organisms. In response to 5 ϫ 10 7 bacteria, a significant increase in IL-8 was detected in the luminal and abluminal chambers (Fig. 2A) . Regardless of the presence of Ft LVS, IL-8 levels were higher in both compartments when PMN were present, suggesting that PMN are required for IL-8 release. PMN incubated with unopsonized Ft LVS alone at 1-50 MOI for 1-3 h did elicit release of IL-8 (Fig. 2B) . These data suggest that Ft LVS directly invaded endothelial cells without triggering the anticipated release of proinflammatory chemokine from the endothelial monolayer.
PMN transendothelial migration in response to F. tularensis. Previously published data suggest that only prolonged stimulation of endothelial monolayers with Francisella elicits PMN transmigration (9) . We studied monolayers of microvascular endothelial cells from two different tissues, lung and skin, reasoning that they would be relevant to naturally occurring infection via aerosol and skin inoculation, respectively. Live Ft LVS elicited PMN transmigration across PMVEC (Fig. 3A) and HMVEC-D (Fig. 3B) monolayers. Although as few as 5 ϫ 10 6 bacteria in the lower chamber elicited significant migration above baseline levels, the extent of transmigration was relatively low until the bacterial inoculum reached 5 ϫ 10 7 . Heat-killed Ft LVS, even at very high inoculum (5 ϫ 10 8 /ml in the lower chamber), elicited Ͻ1% PMN migration (data not shown), demonstrating that recruitment of PMN requires the interaction of live bacteria with the endothelial monolayer.
We speculated that a secreted or released bacterial product might be responsible for eliciting transmigration of PMN. In view of our previous data demonstrating that LPS from gramnegative organisms elicits PMN transmigration (20), we investigated transendothelial migration of PMN elicited by LPS purified from F. tularensis. PMN did not migrate across endothelium stimulated with LPS from F. tularensis at concentrations up to 1,000 ng/ml in the abluminal compartment (data not shown).
NADPH oxidase activity of transmigrated PMN. Although PMN migration in response to F. tularensis in vitro was less robust than that previously documented in response to other pathogens (20) , the recruitment of even a small number of PMN to the air space would likely provoke an inflammatory response. However, the early pulmonary inflammatory response to F. tularensis is minimal in vivo (5), raising the possibility that PMN recruited to the airway by Francisella may not be fully effective. Accordingly, we reasoned that the function of such PMN, including the capacity to activate NADPH oxidase, might be compromised. To test this hypothesis, we compared the NADPH oxidase activity of PMN after transendothelial migration in response to Ft LVS with that of PMN that had migrated in response to a virulent S. pneumoniae strain. As an additional cell for comparison, we studied control PMN that were maintained in buffer at 37°C for 3 h during the transmigration period to mimic exposure to buffer and exposure to other PMN. The bacteria that elicited transmigration in these assays were not serum opsonized, and no serum was present in the transmigration system. Consequently, the bacteria were not ingested by the migrating PMN, as confirmed by microscopy (data not shown). As measured by lucigeninenhanced chemiluminescence, NADPH oxidase activity of PMN that migrated in response to Ft LVS was significantly diminished in response to PMA (10 ng/ml) and OpZ (5:1 particle-to-cell ratio; Fig. 4 , A and B) compared with that of control PMN and PMN that transmigrated in response to live S. pneumoniae (D39). These data suggest that migration across the Ft LVS-stimulated endothelium downregulated responsiveness of the PMN to subsequent activation. To provide further evidence for a specific requirement for transendothelial migration in the blunting of PMN NADPH oxidase activity, we studied PMN incubated with bacteria-endothelial cell-conditioned medium (after filtration to remove intact bacteria). Interestingly, in PMN incubated for 1 h (Fig. 4C) or 3 h (Fig.  4D ) with conditioned medium from the luminal or abluminal surface of the Ft LVS-treated endothelium, reactive oxygen Fig. 2 . IL-8 production elicited by Ft LVS-endothelial cell-PMN interactions. A: inocula of Ft LVS or no bacteria (control) were incubated at the abluminal surface of a PMVEC monolayer for 4 h; then PMN were added to the luminal surface, and medium was collected after 3 h (7 h after addition of bacteria) for determination of IL-8 levels. More IL-8 was secreted at the luminal than at the abluminal surface of the monolayer, consistent with the presence of PMN on that side of the monolayer. There was no significant increase in luminal levels of IL-8 above control levels in monolayers stimulated with up to 1 ϫ 10 7 Ft LVS. Coincubation of the monolayer with 5 ϫ 10 7 Ft LVS elicited a significant increase in IL-8 production above baseline levels in the luminal compartment. In the abluminal chamber, IL-8 levels were greater than control with inoculum of Ն1 ϫ 10 7 /ml. Values are means Ϯ SE (n ϭ 5). *P Ͻ 0.05 vs. control for that compartment. B: PMN were incubated with Ft LVS at 1-50 MOI for 3 h before collection of supernatant for detection of IL-8 levels. Control PMN were incubated in the same medium; incubation of PMN with purified LPS from Escherichia coli was used as a positive control for IL-8 release. Ft LVS elicited release of IL-8 from PMN, although there was wide variation in the amount released. Values are means Ϯ SE (n ϭ 4). species (ROS) generation in response to PMA (Fig. 4, C and D) and OpZ (data not shown) was normal. NADPH oxidase activity was not significantly increased in PMN incubated with D39-endothelial cell-conditioned medium for 3 h (Fig. 4D) . To determine whether a secreted or shed microbial product altered the phenotype of the PMN in the lower chamber of the Transwell filter, independent of their migration across the endothelium, we incubated PMN with EBM-conditioned medium, generated by incubation of the live bacteria under conditions identical to the transmigration assay without endothelial cells. After 60 min of incubation, PMN NADPH oxidase activity in response to PMA and OpZ was unchanged from control (data not shown). The 60-min incubation was selected for exposure of PMN to conditioned medium, because the transmigrated PMN were generally exposed in the lower compartment for Յ1 h, since most PMN migrate across the endothelium during the final hour after addition to the endothelial monolayer. Taken together, these data suggest that the endothelial monolayer was modulated by interaction with live Francisella and altered PMN inflammatory responsiveness during transmigration.
Phagocytosis of opsonized particles by PMN after migration. To determine whether the differences in OpZ-stimulated NADPH oxidase activity were secondary to depressed uptake of OpZ, we quantitated phagocytosis by PMN that transmigrated the endothelial monolayer. PMN that were not exposed to endothelial cells and PMN that migrated in response to Ft LVS or S. pneumoniae were incubated for 10 min with fluorescent OpZ at 1:1 and 5:1 OpZ-to-PMN ratio. PMN in all groups ingested OpZ, with enhanced uptake at the higher particle-to-cell ratio, as expected. There were no significant differences among the groups in the percentage of PMN that displayed cell-associated or phago- A: after transendothelial migration in response to Ft LVS, NADPH oxidase activity in PMN was significantly depressed in response to the phagocytic stimulus opsonized zymosan (OpZ) compared with control PMN or PMN that migrated in response to Streptococcus pneumoniae strain D39. Values are means Ϯ SE (n ϭ 5-8). *P Ͻ 0.05 vs. control and D39 (by 2-way ANOVA). B: response to PMA (10 ng/ml) was significantly increased in control PMN and PMN that migrated in response to D39 compared with PMN that migrated in response to Ft LVS. Values are means Ϯ SE (n ϭ 6). *P Ͻ 0.05 vs. control and D39. C and D: PMN incubated with bacteria-endothelial cell-conditioned medium for 1 and 3 h, respectively. There was no alteration in PMN NADPH oxidase activity in response to PMA after 1 h of incubation with bacteria-endothelial cellconditioned medium from the luminal or abluminal compartment of monolayers exposed to Ft LVS (LVS) or S. pneumoniae (D39). After 3 h of incubation, NADPH oxidase activity was significantly enhanced in PMN exposed to D39-endothelial cellconditioned medium compared with control PMN or PMN exposed to Ft LVS-endothelial cell-conditioned medium. Values are means Ϯ SE (n ϭ 3). *P Ͻ 0.05 vs. control and LVS. cytosed particles at either MOI (Fig. 5A) . In addition, the number of phagocytosed or cell-associated particles in the PMN that transmigrated in response to Ft LVS, as judged by the mean fluorescence intensity of the cell population, was enhanced compared with control PMN (Fig. 5B) . Thus the phagocytic capability of PMN that traversed the endothelial monolayer stimulated by Ft LVS was not reduced, and the reduction in ROS generated in response to a particulate stimulus resulted from an impairment of the respiratory burst, rather than depressed particle uptake.
Elastase release. Because PMN activate NADPH oxidase and degranulate in response to microbial stimulation, we quantitated elastase release from PMN that transmigrated in response to Ft LVS or S. pneumoniae with control PMN that had not traversed an endothelial monolayer. Minimal elastase was secreted by control PMN or PMN that transmigrated in response to Ft LVS or S. pneumoniae in the absence of other added agonists (data not shown). Control PMN pretreated with the microfilament-disrupting agent DHCB and then stimulated with fMLF displayed maximal elastase release, and stimulation of PMN following transendothelial migration in response to S. pneumoniae resulted in similar levels of elastase release. However, elastase release was more than sixfold less after fMLF challenge in PMN that migrated in response to Ft LVS than in control PMN (Fig. 6A) . In response to fMLF alone (no DHCB) or PMA (10 ng/ml), elastase secretion was above background levels. Moreover, elastase release was significantly diminished in response to fMLF (Fig. 6B) or PMA (Fig. 6C ) in PMN that migrated in response to Ft LVS compared with control PMN or PMN that migrated in response to S. pneumoniae. To investigate whether this impairment in granule content secretion after transmigration was dependent on transendothelial migration, rather than an indirect effect of a secreted or released endothelial or bacterial product, we studied PMN incubated with filtered bacteria-endothelial cell-conditioned medium. Neither 1 nor 3 h of incubation with conditioned medium derived from either surface of the endothelial monolayer blunted agonistdependent elastase release from PMN. In fact, PMN coincubated with Ft LVS-endothelial cell-conditioned medium or S. pneumoniae-conditioned medium for 3 h exhibited enhanced elastase secretion when stimulated with fMLF (Fig. 6D) . As observed in the controls for the NADPH oxidase activity assays, coincubation of PMN with Ft LVS-conditioned medium had no effect on elastase release in response to any of the agonists (data not shown). Similar to the blunted activation of NADPH oxidase, transendothelial migration of PMN in response to Ft LVS inhibited the ability of PMN to degranulate in response to subsequent stimulation.
DISCUSSION
Because of the remarkable virulence of inhaled F. tularensis and the potential exploitation of this property for biological warfare, a better understanding of interactions between Francisella and host cells within the lung is a high priority. Recent studies have confirmed that Francisella invades and grows within human bronchial epithelial cells and A549 cells (16) and stimulates NF-B-mediated cytokine production by primary alveolar type II cells (11) . In addition, mice that are infected intranasally with Francisella develop bacteremia following airway inoculation (4, 10) , confirming that the organism crosses the alveolar epithelium and interacts with vascular endothelial cells before it enters the bloodstream. Relatively little is known about interactions between Francisella and pulmonary endothelial cells.
In our in vitro Transwell system, Ft LVS and PMN were added to opposite sides of endothelial monolayers to mimic the relative orientation of organisms and phagocytes at the onset of an aerosolized infectious challenge. Using this experimental model system, we made three novel observations pertinent to pulmonary infection with Francisella. 1) Ft LVS interacted with and invaded PMVEC when presented at the abluminal surface of the endothelium, as would occur after an organism had traversed the alveolar epithelium en route to the bloodstream. To our knowledge, this is the first demonstration that Francisella can enter microvascular endothelial cells, behavior similar to that of another nonmotile organism, S. pneumoniae (21) . Ft LVS alone did not elicit secretion of IL-8 or MCP-1 from PMVEC. 2) Ft LVS directly promoted PMN transmigration across endothelial monolayers. Although our data did not elucidate the mechanism(s) responsible for PMN translocation, LPS purified from Francisella did not support PMN transmigration. In contrast to our findings, a previous report found that 4 h of stimulation of the endothelium with Ft LVS failed to stimulate neutrophil transmigration (9) . However, the endothelial monolayer and the experimental design employed in the previous study differed those used in the present study. Whereas the previous study utilized human umbilical vein endothelial cells, we have exclusively employed microvascular endothelial cell monolayers in our model. In addition, in the previous study, bacteria and PMN were applied to the same luminal surface, whereas our system distributed the organisms and PMN in an orientation that modeled the interactions in the lung, whereby live bacteria would approach the endothelium at the opposite interface (abluminal) from where PMN would interact (luminal). 3) PMN that successfully traversed the Ft LVS-stimulated microvascular endothelial monolayer exhibited blunted responses to subsequent stimulation, in terms of NADPH oxidase activity and azurophilic granule release.
Several previous studies noted that ingested Francisella disrupt normal PMN oxidative function (17, 23) . Furthermore, inhibition of the respiratory burst includes not only the response to ingested Francisella but also the response to heterologous stimuli delivered after ingestion of Francisella (18) . However, our findings of altered proinflammatory responses in transmigrated PMN differ from each of those previous reports in which oxidase and degranulation were suppressed: 1) PMN in our studies were not resting before the challenge but had traversed stimulated endothelial monolayers and 2) the Ft LVS were not serum opsonized and were not ingested by PMN. Although the mechanism by which Francisella disabled the normal inflammatory phenotype of the transmigrated PMN is not defined by our studies, the failure of Francisellaconditioned medium and Francisella-endothelial cellconditioned medium to alter PMN function suggests that 1) the endothelium was a required intermediary in these events and 2) the process of PMN migration was necessary to affect these changes.
As a working hypothesis, we propose that Ft LVS directly alters the phenotype of the endothelial monolayer, which subsequently downregulates the proinflammatory potential of migrating PMN. There are numerous examples in the literature of endothelial modulation of the phenotype of migrating cells. These include modulation of apoptosis of migrating eosinophils (8), alteration of PMN phenotype after reverse endothelial migration (3), changes in T lymphocyte transendothelial migration by PMN elastase deactivation of endothelial factors (24) , and inhibition of PMN apoptosis following migration across an endothelial-epithelial bilayer (12) . In addition, there is significant evidence that host endothelial cell-mediated signaling can be altered by bacterial (25, 26, 30, 32) and viral (14, 15) pathogens.
We speculate that the capacity of Francisella to modulate endothelial inflammatory signaling serves as a virulence factor in infection, by downregulating the host response to the pathogen in the lung. Consequently, fewer PMN than other lung pathogens are recruited, and the phenotype of the few recruited PMN is compromised. Analogous microbial tactics to alter the host immune response via modulation of inflammatory endothelial cell signaling have also been described (7, 31) . Potential neutrophil targets that could alter NADPH oxidase activation and degranulation include effects on class IB phosphoinositide 3-kinase pathway signaling (1) .
The role of neutrophils in host defense against primary infection with F. tularensis appears to be related to the route of infection. Granulocyte depletion experiments demonstrated a critical role for PMN in a murine model of intradermal or intravenous infection with Francisella (28). However, animals that were exposed via an aerosol route did not require PMN for protection (6) . One possible mechanism to account for this difference would be tissue-specific differences in the vascular endothelium leading to altered PMN-endothelial cell interactions. Although we did not find quantitative differences in PMN transendothelial migration across dermal vs. pulmonary microvascular endothelial monolayers, there is evidence of altered permeability of the microvascular endothelium in the lung, which has a crucial role in barrier function, compared with larger conduit vessels (13) . The specific bacterial factors responsible for altering the endothelial monolayer remain to be determined. Francisella, however, has not been reported to secrete any specific toxins that might damage the monolayer (19) , and we did not observe evidence of monolayer disruption.
In conclusion, we demonstrate that Ft LVS directly interacted with and invaded intact microvascular endothelial cells without compromising the integrity of the monolayer. This interaction was sufficient to elicit transendothelial migration of PMN in the opposite direction by an unknown mechanism that was independent of endothelial release of IL-8 or MCP-1 and, in fact, occurs against the IL-8 concentration gradient. The migrated PMN were less responsive to subsequent stimulation than either control PMN or PMN migrating in response to another pulmonary pathogen. Future studies should focus on dissecting the alterations in endothelial signaling pathways elicited by Francisella that might affect migrating PMN to more precisely define the role of the vascular endothelium in the pathogenesis of Francisella infection. Such studies may identify elements of the PMN-endothelial cell interaction that are critical for clearance of aerosolized bacterial pathogens in general.
